Objectives The objective of this paper was to biomechanically investigate rotational stability of the thumb after ulnar collateral ligament (UCL) and accessory collateral ligament (ACL) disruption and repair at the metacarpal joint of the thumb. Methods Twelve fresh frozen adult cadaveric thumbs were used. The torsion test was performed under constant rotation of 1/s through 30 arc of metacarpal phalangeal (MCP) joint. The torsional resistance was determined for four categories: first no intervention of the UCL structures (control), next with the proper UCL cut at the distal insertion, then with the additional ACL ligament cut, and lastly with the repair of only the proper UCL. The decrease on the amount of torsional rigidity for each of the last three categories was determined and compared. Each thumb was used as its own control. Significance of the differences in each test categories was statistically determined. Results After the proper UCL was cut, the torsional rigidity of the MCP joint was reduced 35.18±17.56% (p<0.001). When, additionally, the ACL was cut, the torsional rigidity of the MCP joint was further reduced to 49.34±16.82% (P< 0.001). After repair of only the proper UCL, the torsional rigidity of the MCP joint improved, but still showed a considerable reduction from controls. The amount of reduction was not consistent among specimens and was 13.52±16.40%. Conclusions The ACL ligament is a contributor of rotary stability as well as a provider of lateral stability. Leaving the ruptured ACL unrepaired causes some residual rotating instability and that may lead to future rotational instability of the MCP joint.
Introduction
The diarthrodial metacarpal phalangeal (MCP) joint of the thumb is capable of flexion, extension, adduction, abduction, and a small amount of rotation [3] . It is this freedom of movement that allows the thumb to perform effective pinch and grip activities. Multiple studies regarding anatomical variation and normal range of motion of the MCP joint show a large individual variation in degrees of motion through assorted tasks [2, 4, 12, 20] . There are two intrinsic collateral ligaments on the ulnar aspect of the MCP joint. The ulnar collateral ligament (UCL) arises from the posterior tubercle on the metacarpal head and inserts on the palmar aspect of the proximal phalanx and also the accessory collateral ligament (ACL) passing from the tubercle of the metacarpal volarly to insert into the ulnar sesamoid bone of the volar plate ( Fig. 1 ). If the valgus stress during injury is severe enough, both the UCL and the ACL will be disrupted as well as other stabilizers of the MCP joint, allowing these structures to be carried distally along with the proximal edge of the adductor aponeurosis [19, 22] . It is these ligamentous attachments after complete medial tear that shift the sesamoid bone distally and can be seen radiographically as dislocated sesamoid bones. Radiographic evidence of dislocation of the ulnar sesamoid bone either laterally or longitudinally indicates a complete rupture of its ulnar ligaments [19] . Anatomic studies of the MCP joint have revealed that the sesamoid metacarpal (SM) and sesamoid phalangeal ligaments (SPL) provide a nucleus of force coupling, providing balance of movement for the intrinsic muscles attaching there [3] . The sesamoid ligamentous structure consists of the central sesamoid and three ligaments, the ACL, the SPL, and the intersesamoid ligament. The ACL and the SPL are oriented in opposing planes like a "V" and provide a balancing force against the traction of the intrinsic muscles stabilized volarly by the intersesamoid ligament. This configuration provides a sling or buttress against rotational forces to the joint. The joint capsule itself provides additional stability to the joint and, when torn, allows additional subluxation and instability [11, 17] . However, disruption of the ACL may alter this stability and may have implications for long-term accelerated wear of this joint [6] . An injury to the medial complex can add to the global instability of the joint in not only the lateral aspect but also in the dorsal-volar and rotational directions [7] [8] [9] 15] .
Tears of the UCL of the MCP of the thumb can result in chronic instability and functional impairment of grasp and pinch [14, 18, 21] . Several studies have addressed the stability of ligament repair in both extension and flexion of the UCL of the MCP of the thumb [5, 15] , but studies on rotational instability are rare [8, 19] . In their biomechanical study of ligament stability of the MCP joint, Minami et al. [16] reported on the capsule-ligamentous contributions of the MCP joint stability in digits but not the thumb, and their study indicated that the ACL contributes primarily to abduction-adduction rotational stability but contribute little to stabilizing dorsopalmar dislocation or axial (supinationpronation) rotations. Numerous articles have described techniques for repair of the collateral ligament for acute injuries of the ulnar metacarpal-phalangeal joint of the thumb, but the importance or need for repair of the accessory collateral ligament has not been emphasized [1, 3, 4, 7, 9] .
The purpose of this study was to biomechanically investigate rotational stability of the thumb after UCL and ACL disruption and repair at the MCP of the thumb. In particular, we were interested to determine the residual rotating instability of the ulnar metacarpal-phalangeal joint of the thumb that exists after repair of the UCL but without repair of the ACL. Our hypothesis was that the ACL is a significant regulator of rotary forces as well as a provider of lateral stability and that leaving the ACL unrepaired could cause some residual rotating instability of the MCP joint of the thumb that may lead to future problems or loss of function.
Material and Methods
Specimen preparation Twelve fresh frozen adult cadaveric thumbs with no prior history of injury to the thumb were used for the biomechanical study. There were five male and seven female thumbs with an age range from 43 to 91 years (mean 65 years). Each thumb was thawed to room temperature and disarticulated at the carpometacarpal and interphalangeal joints. The adductor aponeurosis was then incised along the extensor tendon at its dorsal insertion and reflected volarly. This allowed proper identification and exposure of the proper ulnar collateral ligament, the accessory collateral ligament, and the sesamoid metacarpal ligaments.
The thumbs were secured with two 0.45 Kirshner wires through the distal condyles of the proximal phalanx and through the first metacarpal to a specially designed fixture for rotational testing in an 858.02 Mini Bionix Test System (MTS System Corp, Minneapolis, MN; Fig. 2 ). The torsion test was performed under constant rotation of 1/s through 30 arc of metacarpal phalangeal joint motion (15 radially and 15 ulnarly). This test was designed to represent normal rotational load testing in the clinical setting. The amount of applied torque (Nm) and the corresponding joint rotation (degrees) was recorded. Measurements were recorded in four categories: first with no intervention of the ulnar collateral ligament structures, next with just the proper collateral ligament cut at the distal insertion, then with the sesamoid metacarpal ligament cut, and lastly with the repair of only the proper collateral ligament. The ligamentous repair was done by the standard pull-out suture method using 3-0 nylon suture. The data were fitted to a curve, and the decrease in the amount of torsional rigidity (Nm/degree) compared to the normal control of the intact ligaments-for each of the last three categories-was determined and compared. Each thumb was used as its own control.
Paired Student's t test was performed to determine the significance of the differences in each test category. The level of significance was set as a p value of <0.05.
Results
The values of torsional rigidity reduction after each of the three surgical procedures are shown in Table 1 . The torsional rigidity of each specimen before surgery (intact) is considered to be 100%. After the proper collateral ligament was cut at the distal insertion (1-cut), the torsional rigidity of the MCP joint was reduced 35.18±17.56% (p< 0.001). When the sesamoid metacarpal ligament was also cut (2-cut), the torsional rigidity of the MCP joint was further reduced to 49.34±16.82% (p<0.001). This reduction was statistically significant between the group with one cut and the group with two cuts (p<0.002). After repair of only the proper UCL, the torsional rigidity of the MCP joint improved but still showed a considerable reduction from controls. The amount of reduction was not consistent among specimens and was 13.52±16.40%. The torsional rigidity of this group compared with that of the intact group was not significantly different (p=0.211). It is interesting to note that for one case (specimen no. 5), the torsional rigidity of the specimen reached its intact value and that for two other specimens (specimens no. 7 and no. 10), the torsional rigidity after repair showed higher value than those before surgery (see Table 1 ). Extra pull of the tendon during reconstruction may have caused this. Figure 3 compares the torsional rigidities of the different groups after surgical procedure. The torsional rigidity of each intact specimen is taken to be 100%. Values provided are the mean S2/17/08. Figure 3 shows a typical (specimen no. 3) The torsional rigidity of each specimen before surgery (intact) is considered to be 100%. a Actual value=−15.31 b Actual value=−3.33 curve of applied torque (Ncm) versus angle of rotation (degree) for all four categories.
Discussion
The goal of this investigation was to determine the role of the ACL in providing rotating stability of the MCP joint of the thumb. In individuals with Skier's Thumb or acute injury to the UCL complex of the thumb, there is a progressive instability of the MCP joint with pain and decreased grip and pinch strength and potentially global instability [10, 13] . There can be a wide variation in the flexion of the MCP joint in activities such as key pinch, fine or tip pinch, precision grip (grasp), or power grip activities [3] . The presence and importance of the rotational stability of the MCP joint after ligament injury both in activities of tip pinch and grasp along with long-term potential affects on the joint need further investigation. Acute injuries of the ulnar aspect of the MCP joint of the thumb may be thought of as a sequence of events that must be understood to achieve a stable repair. Initially, an adduction and rotatory force occurs at the ulnar part of the UCL and joint capsule, rupturing both of these structures and then, with additional force, the volar plate and imbedded sesamoid that are firmly attached to the metacarpal rotate radially. If additional force is continued, the ACL which is the last connection between the metacarpal and the proximal phalanx through the volar plate and sesamoid is disrupted, allowing the proximal phalanx to dislocate radially. The adductor muscle which has three points of insertion, (1) the metacarpal shaft, (2) the extensor pollicus longus tendon, (3) volar plate sesamoid complex, slides over the torn collateral ligament, and as reduction of the MCP joint occurs if the leading edge of the adductor apponurosis undercuts the UCL, a Stener's lesion occurs, or if it overcuts the UCL, an unstable joint is present but without a Stener's lesion [13] . If on repair of the UCL the ACL is not repaired simultaneously, a potential for rotatory instability is present between the metacarpal and proximal phalanx depending on the anatomy of the joint and other factors in the injury and repair.
In our biomechanical investigation on the cadaveric specimens, we have found a rotary instability with sectioning of the UCL and ACL of the MCP joint of the thumb. Repairing only the UCL in the majority of our specimens resulted in a measurable rotary instability in the joint. The amount of rotational rigidity reduction was not, however, consistent among specimens. Thus, a great deal of variation appears to be present in this rotary instability which can not be predicted in an operative situation and would argue for repair of the ACL in all situations to obtain the maximal stable constraint.
Limitations of this study include the use of cadaver thumbs. The variability in the range of motion of the MCP joint among the population was eliminated by using each thumb as its own control; however, the rigidity of the ligaments may have been altered by the freezing and thawing of the specimens. Secondly, although the repairs were tested acutely, this study is unable to test the longterm results of ligament healing and their effect on the rotational stability provided by the ACL. It is theorized that with proper approximation and immobilization of the ACL, significant rotational stability of the MCP can be achieved. Injuries with enough force to disrupt both the MP and ACL, however, are very unstable, and therefore, both ligaments are likely to require surgical repair. Lastly, we did not test the rotational rigidity after repair of both ligaments.
In summary, the ACL is a component in preventing rotary instability in acute injuries of the ulnar metacarpalphalangeal joint of the thumb. Based on our biomechanical findings of residual rotary instability in the majority of our specimens, we recommend repair of the accessory collateral ligament in acute injuries of this joint which may be important for long-term function of this joint and acknowledge the need for further clinical long-term studies to assess the results of this problem.
